In this work, nanoscale SnO 2 with various geometrical morphologies, including pine needle-like, sphere-like, sheet-like, grapelike nanostructures, was prepared via a facile hydrothermal process. Microstructures and morphologies of all the as-synthesized products were characterized by X-ray diffraction (XRD) and field emission scanning electron microscopy (FESEM). Meanwhile, the specific surface areas of the as-prepared SnO 2 nanostructures were determined by Brunauer-Emmett-Teller (BET) analysis. Gas sensors were fabricated and their gas sensing properties towards hydrogen were systematically investigated. The results indicate pine needle-like SnO 2 structure exhibits exclusive better gas sensing performances to hydrogen than the other morphologies, which can be attributed to its novel shape with a large specific surface area. Such an unexpected morphology is a promising candidate for the use of SnO 2 as a gas sensing material in future hydrogen sensor applications.
Introduction
As important fundamental materials, metal oxides such as ZnO [1, 2] , CuO [3] , WO 3 [4, 5] , and SnO 2 [6] [7] [8] have attracted a remarkable interest due to their unique physicochemical properties. Among them, the n-type large gap semiconductor SnO 2 has been extensively applied in the field of catalysts [9] , Li-ion batteries [10] , solar cells [11] , and gas sensors [12] [13] [14] . It is well known that factors such as morphology, crystal structure, and grain size, as well as synthesis method can dramatically affect the gas sensing properties of SnO 2 -based sensor [15] [16] [17] [18] [19] . Among these factors, the fabrication of well-defined morphology is of great interest and significance to enhance the sensing characteristics of SnO 2 gas sensors for the past few years. Various SnO 2 nanoarchitectures with special morphologies including nanorods [20] , nanoflowers [21] , nanosheets [22] , nanocubes [23] , and nanowires [24] have been successfully synthesized via different methods. Indeed, these structures have showed good sensitivity and selectivity to inflammable or toxic gases, such as C 2 H 5 OH, CO, H 2 S, or NO 2 . However, up to now, little attention has been paid to the effect of different SnO 2 morphologies on the H 2 gas sensing performances. To date, a variety of methods have been employed to prepare nanocrystalline SnO 2 , for instance, sol-gel process [25] , chemical vapor deposition [26] , coaxial electrospinning [27] , and hydrothermal reaction [28] . Compared to other techniques, hydrothermal approach is often adopted for its obvious advantages of simplicity, mild fabrication condition, high purity of product, and low cost [28] [29] [30] .
In this work, several types of SnO 2 nanomaterials with different morphologies were successfully prepared through an environmentally friendly hydrothermal route. Furthermore, sensing properties of the sensors based on the samples, such as sensitivity, optimum operating temperature, response and recovery times as well as the long-term stability, were systematically tested and compared with each other. The pine needle-like SnO 2 displays better sensitivity, lower working temperature, and more rapid response-recovery time to H 2 than that of the other samples, which implies that the gas sensing properties of SnO 2 sensors can be highly enhanced by preparing SnO 2 with desired morphology. Pine needle-like, sphere-like, sheet-like, and grape-like SnO 2 were realized by the hydrothermal synthesis route [28] [29] [30] .
(a) Pine needle-like SnO 2 structures were prepared as follows: in a typical experiment, 0.05 g Na 2 SnO 3 ⋅3H 2 O and 0.02 g NaOH were dissolved into 40 mL deionized water with vigorous stirring for 10 min, and then 0.03 g HMT was added. After the complete dissolution, the precursor was transferred to a Teflon-lined stainless steel autoclave of 50 mL volume and kept at 180 2 O was added into NaOH solution (0.5 g, 20 mL). After stirring for 5 min, 30 mmol HMT was added into above solution under vigorous stirring. Then, 20 mL of absolute ethanol was dropwise added to obtain a white translucent suspended solution. Transfer the well-mixed solution into a 50 mL stainless steel autoclave at 180 ∘ C for 24 h. All the above heating autoclaves were cooled to room temperature naturally. The obtained precipitates were retrieved by centrifugation, and then washed several times with distilled water and anhydrous ethanol to remove any possible residues. Finally, all the samples were dried in air at 60
∘ C for about 12 h for further characterizations.
Fabrication of Gas Sensor.
The detailed fabrication of a side-heated gas sensor was as follows: first, each of the above as-synthesized samples was mixed with diethanolamine and ethanol to form a homogeneous paste and then coated onto an alumina tube on which a pair of Au electrodes was previously printed; later, a Ni-Cr heating wire was inserted into the tube for adjusting the operating temperature of the sensor. Finally, all the as-prepared sensors were aged at 300 ∘ C for 120 h to enhance their stability and repeatability. The schematic diagram of the gas sensor is shown in Figure 1 .
Characterization and Measurement of Gas Sensing Properties.
The crystalline structures of the prepared samples were identified by X-ray diffraction (XRD) with a Rigaku D/Max-1200X diffractometer employing Cu K radiation (40 kV, 200 mA and = 1.5418Å). The general morphologies and microstructures were characterized by a Nova 400 Nano field emission scanning electron microscopy (FESEM, FEI, Hillsboro, OR, USA) operated at 5 kV. Meanwhile, the specific surface areas of the products were estimated using the single point Brunauer-Emmett-Teller (BET) method by the 3H-2000 nitrogen adsorption apparatus.
Gas sensing properties were measured by the chemical gas sensor-8 temperature pressure (CGS-8TP) intelligent gas sensing analysis system (Beijing Elite Tech Co., Ltd). It is convenient to gain parameters for sensor resistance, sensitivity, environmental temperature, and operating temperature, as well as relative humidity from the analysis system. All the sensors needed to be preheated at different operating temperatures for about 30 min. When the sensor resistance value kept steady, a certain concentration of target gas was then injected into the test chamber through a microinjector. The tested gas and air were mixed together using two fans of the analysis system. After the resistance of the sensor attained a new stable value, the test chamber was opened to recover the sensor. The whole experiment process was carried out at constant environment temperature and relative humidity. Repeat all the measurements a few times to ensure the reproducibility of the gas sensing response.
The gas response in this paper was defined as the ratio of sensor resistance in dry air to that in tested gases [31] . The response and recovery times were expressed as the time taken by the sensor to achieve 90% of the total resistance change in the case of adsorption and desorption, respectively [32, 33] . Generally, larger surface area means more active sites and diffusion pathways for gas exchange, which may lead to a larger response.
Results and Discussion

Structural and Morphological Characteristics.
To gain insight into the detailed morphology of SnO 2 products, typical FESEM images of all the samples can be observed in Figure 3 . From Figure 3 (a), numerous SnO 2 nanoparticles with smooth surface are clearly observed. They are uniformly distributed and have a nearly spherical morphology with average diameter of 350 nm. As seen in Figure 3(b) , the sample contains a large scale of pine needlelike leaves which are well arranged and rather uniform in shape and size. These thin leaves are about 400-500 nm in length and 50-80 nm in width. No other morphologies could be detected, suggesting a high yield of these nanostructures. To the best of our knowledge, such unique shape has not been reported so far, and it may have an obvious influence on promoting gas sensing performances of SnO 2 . Figure 3 (c) exhibits SnO 2 with grape-like structures assembled from dozen of rugged spheres. Figure 3(d) presents a panoramic image of the SnO 2 sample that consisted of randomly arranged nanosheets and some unshaped nanosheets which are growing.
H 2 Sensing Properties.
Operating temperature is an important fundamental characteristic of gas sensors for its significant impact on sensor response. Figure 4 describes the response curves of these sensors to 200 ppm of H 2 as a function of temperature from 220 to 480 ∘ C with an interval of 20 ∘ C. Apparently, the responses of the sensors increase with a raise of temperature and reach the maximum and then decrease with further increase of working temperature.
Usually, operating temperature of the oxide semiconductor sensor depends on two parameters: electron density of the sensor and reaction rate coefficient between H 2 molecules and adsorbed oxygen species [34] . On one hand, they both increase as the temperature rises. On the other hand, gas response is proportional to reaction rate coefficient but inversely proportional to electron density. Therefore, there should be an optimal temperature to balance the two parameters for achieving the maximum sensor response. In contrast, SnO 2 sensors using samples of pine needle-like, spherelike, and sheet-like are more sensitive to H 2 than that of grape-like at the same temperature. The highest gas response for pine needle-like, sphere-like, sheet-like, and grape-like SnO 2 was about 20.5, 18, 17, and 14 at temperature of 360 ∘ C, 380 ∘ C, 380 ∘ C, and 400 ∘ C, respectively. Herein, the optimal operating temperatures were determined to further examine the characteristics of the sensors. Furthermore, the higher response of pine needle-like SnO 2 probably results from its very fine grain size and large specific surface area. Figure 5 shows the correlation between the response of SnO 2 sensors and H 2 gas concentrations, where the sensors worked at their own optimum operating temperature as mentioned above. From the curves, it is evident that the response of the sensors increases nonlinearly with no sign of saturation when H 2 concentration ranges from 100 to 1000 ppm. This usually is explained through the gas-diffusion theory by which the oxide based sensor response can be written as = + 1 [34, 35] . In the formula, is a controllable constant, is a charge parameter which reflects oxygen ion species on the surface of SnO 2 sensors, and
is the concentration of the tested gas. Normally, has value of 1 for O − and 0.5 for O 2− . Besides, it is necessary to know that the growth trends are gradually slowed down with a further rise of gas concentrations. The corresponding data is not presented. This phenomenon might be owing to both the change of stoichiometry about the elementary reactions and the competitions of gas molecules for reaction sites as gas concentrations increase progressively [36, 37] . Specifically, the SnO 2 sensor with pine needle-like structure shows relatively higher sensitivity to H 2 than that of other sensors.
The response and recovery characteristics were studied with the sensors being orderly exposed to 200 ppm of H 2 gas at their own optimum operating temperature, and the curves are depicted in Figure 6 . The response and recovery times for the pine needle-like, sphere-like, sheet-like, and grape-like SnO 2 were estimated to be 19-22 s, 22-26 s, 24-27 s, and 25-29 s, respectively. Interestingly, it seems that voltages of all the samples increase dramatically when H 2 is in but go back to their original states when the gas is out. Comparing with the other three SnO 2 nanostructures, it could be noted that the pine needle-like SnO 2 has the shortest response and recovery times, reflecting its excellent sensing performance once again. Figure 7 displays the long-term stability of the sensors to 200 ppm of H 2 at their own optimum operating temperature with relative humidity of 35%. It could be known that gas response changed slightly after a month, suggesting that all the sensors have good stability and repeatability. On the basis of above discussions, one can draw a conclusion that pine needle-like SnO 2 exhibits the most superior sensing properties to H 2 among the four samples.
Gas Sensing Mechanism.
It is believed that the gas sensing mechanism of SnO 2 sensors follows the surface charge model. When sensors contact with different gases, the resistance would have a change. Both the species and amount of oxygen ions play crucial roles in the variation of resistance. When the sensors are exposed to air, oxygen molecules adsorbed on the surface of SnO 2 nanostructures would be ionized to O 2− , O − , or O 2 − by capturing free electrons from the conduction band of SnO 2 , which causes a depletion layer and consequently increases the resistance of the sensors. As a reducing gas such as H 2 is introduced, chemical reactions between the H 2 molecules and the ionized oxygen are active. This process releases the trapped electrons back to the SnO 2 surface and thus leads to an increase in the carrier concentration and carrier mobility of SnO 2 . The gas sensing reaction process on the SnO 2 surface is seen in Figure 8 .
The possible reactions involved in the above process are expressed as follows [38, 39] :
In this experiment, the different sensing properties of the four SnO 2 samples toward H 2 can be ascribed to the different morphologies and nanostructures. Moreover, the higher sensitivity of pine needle-like SnO 2 is mainly based on its special structure with a large surface area which can Journal of Nanomaterials provide more active sites and quick passages for gas exchange and thus enhance the interaction between SnO 2 surface and H 2 molecules.
Conclusions
In summary, SnO 2 nanostructures with various morphologies including pine needle-like, sphere-like, sheet-like, and grape-like were realized by hydrothermal preparation. Additionally, both their microstructures and gas sensing properties to H 2 were tested. As compared to other three sensors, pine needle-like SnO 2 sensor exhibits more excellent performances in terms of higher response, faster responserecovery time, and lower working temperature. The good sensing properties may be attributed to the novel pine needlelike structure which has a large specific surface area with massive gas-diffusion channels. The obtained results indicate that the gas sensing properties of SnO 2 sensing materials can be significantly improved by tailoring their surface structures and shapes. These findings offer new opportunities for designing and developing high-performance H 2 gas sensors.
